Introduction
The Monday Creek watershed of the Hocking River basin study area encompasses 116 square miles in southeastern Ohio. Extensive portions of the watershed have been subjected to underground and surface mining of coal. Severe acid mine drainage problems occur and erosion from disturbed land areas have accelerated sedimentation and deposition of materials in over 100 miles of streams of the area. A number of stream reaches are essentially sterile and unable to support diverse, aquatic life. Over 40% of the watershed is on U.S. Forest Service land. In addition to the USFS, other agencies involved include the Ohio Department of Natural Resources, which is the non-Federal sponsor, the Ohio EPA, Ohio University, the U.S. To assist with plan formulation, West Virginia University has recently developed a water quality computer model, the "Total Acid Mine Drainage Loading (TAMDL) Model," for determining the effects of acid mine drainage on streams. The model can simulate the hydrology of the watershed as well as the improvements to water chemistry due to restoration activities.
Department of Energy
Environmental restoration activities under study include wetland creation, plugging stream captures, filling subsidences, constructing limestone leach beds and open limestone channels and active treatment of acid mine drainage.
Project Purpose
The basic goal of this research project was to design a cost effective Acid Mine Drainage (AMD) treatment strategy for the Monday Creek, Ohio watershed. This treatment strategy was designed by first developing a Total Acid Mine Drainage Loading (TAMDL) model of the watershed. The computer program TAMDL was designed to simulate the evolution of stream water quality in watersheds affected by AMD and its treatment. The watershed's TAMDL model and the remediation endpoints for the mainstem were used to calculate the level of treatment required in each Monday Creek subwatershed affected by AMD. The level of required AMD treatment was employed to design passive and active AMD treatment structures for each affected subwatershed. The feasibility of the designed structures was tested by incorporating them into the Monday Creek model and comparing the simulated stream pH, aluminum, and iron concentrations against the corresponding remediation endpoints. Because the original design did not result in the satisfaction of the pH, aluminum, and iron remediation endpoints, the design was adjusted until the remediation endpoints were satisfied.
Methodology

Governing Equation
The following partial differential equation is the governing equation for the one-dimensional transport of a water quality constituent in a stream and is solved by TAMDL for each of the simulated constituents, except for proton activity. Because the hydrodynamic dispersion and mean stream velocity must remain uniform throughout the computational domain, the watershed must be divided into small sub-watersheds before using the computer program. The spatial coordinate, x, proceeds from the head of the sub-watershed and follows the stream channel to the mouth.
The governing equation is solved using net acidity rather than pH. Net acidity is defined as the total acidity minus the total alkalinity. Total acidity consists of the acidity caused by metal ion hydrolysis and the acidity caused by proton activity. In typical mine drainage, metal ions, rather than protons, constitute the major component of acidity. Therefore, TAMDL estimates pH through its relationship with net acidity by subtracting the effect of the metal ions.
If the stream chemistry was simulated with proton activity instead of net acidity, then it would be necessary to also simulate dissolved carbon dioxide, bicarbonate ion, carbonic acid, and total sulfate in addition to the other constituents. While this would be more pleasing theoretically, each of the additional parameters would require the estimation of boundary and initial conditions, which would degrade overall simulation precision. When the transport of acidity by the stream is simulated with net acidity instead of proton activity, then a constitutive relationship is required to calculate the pH from the net acidity.
Net Acidity -pH Constitutive Relationship
The parameter pH must be calculated by the model because water quality standards invariably use pH instead of net acidity and the kinetic rates of ferrous iron, aluminum and manganese oxidation and/or precipitation depend heavily upon pH. Because defining the nature of the net acidity -pH constitutive relationship is a part of the modeling process, the computer program TAMDL allows the user to specify the relationship with paired series of net acidity and pH data.
Ferric Iron Sedimentation
TAMDL assumes that all ferric iron above the pH-dependent ferric iron solubility limit has combined with dissolved oxygen to form ferric hydroxide. The computer program also assumes all of the ferric hydroxide in the stream clings to sediment particles, which leave the computational domain by flowing through the downstream boundary or by sedimentation. The rate at which ferric iron leaves the model domain via sedimentation is assumed to follow Stokes
Law. This assumption is valid when the particle Reynolds number is less than unity (Roberson and Crowe 1980) . Given the size of sediment particles most likely to carry ferric hydroxide of 1x10 -6 meters, this assumption is realistic.
Because this process is not dependent upon the precise concentration of suspended solids, the simulation of the erosion, transport, and deposition of sediment was not required. Since TAMDL is often employed to simulate watersheds, like Monday Creek, where very little information on stream hydraulics is available, sediment transport is not simulated and the re-suspension of ferric iron-containing sediment particles must be neglected. Because the computer program can be easily modified to use the results of a sophisticated hydraulics model, the incorporation of a suspended sediment constituent and ferric iron re-suspension into the model would not be difficult.
Manganese Oxidation and Precipitation
The formulation used by TAMDL to calculate the kinetic rate of manganese oxidation and precipitation was obtained from Stumm and Morgan (1981) . When the stream's dissolved oxygen concentration is less than 0.01 mg/L, manganese oxidation and reduction are neglected.
The kinetic rate for the progress of manganese oxidation and precipitation is calculated by the program using the following formula. 
The array containing the net rate of production (consumption) for each of the constituents, S i is calculated by taking the algebraic sum of the kinetic rates for each chemical and physical reaction being modeled. Because manganese oxidation consumes oxygen, equation (2) is used to calculate the corresponding decline in dissolved oxygen concentration. The effect of this reaction's proton production on the pH and net acidity is calculated with equation (2) and the net acidity -pH constitutive relationship.
Aluminum Precipitation
The chemical reaction for aluminum precipitation is similar to the equation for manganese oxidation and precipitation except for the absence of oxidation because aluminum has only a single oxidation state.
Where: S' Al = Aluminum precipitation kinetic rate, mg/L/day.
a Al = Empirical rate constant specified by the user, dimensionless. 
Where: C Al-equ = Solubility limit for aluminum, mg/L.
Ferrous Iron Oxidation
Ferrous iron oxidation can be simulated by TAMDL with the following chemical reaction, when the stream's dissolved oxygen concentration is greater than 0.01 mg/L.
The rate of ferrous iron oxidation is calculated by the program with the formulation presented by Kirby, Thomas, Southam, and Donald (1998) . This formulation has a biotic term as well as an abiotic term to account for the oxidation of ferrous iron by T. ferrooxidans bacteria. All of the empirical rate constants in equation (8) were determined from the analysis of field data (Kirby, Thomas, Southam and Donald, 1998) . Because the results of Kirby, Thomas, Southam, and Donald (1998) suggest that the dry biomass concentration of T. ferrooxidans bacteria is difficult to measure accurately, it can be used as a model calibration parameter.
Simulating ferrous oxidation requires that the user have information about the speciation of iron in the stream. Because this data was not available for streams in the Monday Creek watershed, the Monday Creek TAMDL model assumed that all of the iron was in the ferric oxidation state.
Other Reactions
Because the kinetic rates of manganese oxidation and precipitation, aluminum precipitation and ferrous iron oxidation depend upon the stream temperature and the dissolved oxygen concentration, it is necessary that TAMDL simulate these water quality constituents as well.
With dissolved oxygen, the user has the option of directing the program to assume that saturated conditions are always present or calculate the dissolved oxygen concentration from stream reaeration and organic material decay. In this case, it was assumed that the streams were saturated with dissolved oxygen because dissolved oxygen was not measured. Because stream temperature is not absolutely crucial to the modeling of streams affected by acid mine drainage, the simplified formulation used by the program assumes that the amount of heat transferred between the stream and the atmosphere is directly proportional to the difference in temperature and wind speed and inversely proportional to the depth of the stream.
Boundary and Initial Conditions
Upstream of the computational domain for each simulation, the user specifies the boundary temperature and concentrations. The program also requires that the initial temperature and concentration be specified for each node. Initial conditions are not very important when one desires a steady state solution. When one is simulating a transient problem, the precise selection of initial conditions may have an important effect on the results calculated in the early portion of the simulation. Realistic initial conditions can be generated by simulating water quality conditions for a period prior to the desired simulation period.
Numerical Algorithm
In order to make efficient use of computational resources, the selection of an appropriate numerical algorithm is very important. In the planning stages of TAMDL, it was decided that the selected algorithm should be both explicit and at least second order accurate in both time and
space. One well-tested algorithm that satisfies this requirement is the explicit MacCormack predictor -corrector method described by Anderson, Tannehill, and Pletcher (1984) . Because this finite difference algorithm is normally applied to the solution of the advection -dispersion equation, the loading and chemical reaction terms in the governing equation must be solved analytically or with a numerical technique for first order ordinary differential equations.
Since the equations describing the kinetic rates of the aforementioned reactions are both complex and non-linear, it was decided that both the loading and reaction terms should be solved numerically. First order ordinary differential equations are commonly solved with one of the Runge-Kutta methods (Boyce and DiPrima, 1977) . In order to simplify the program's source code, it was decided that intermediate time steps to solve the chemical reaction terms would not be employed. Therefore, to achieve the desirable accuracy, it was decided to use the fourth order Runge-Kutta method to solve the contributions of these terms.
Source Loads
The source loads applied to finite difference model nodes are represented in TAMDL's governing partial differential equation, equation (1), by the array L i . The program allows one to specify thermal, alkaline, acid, ferrous iron, ferric iron, manganese, aluminum and dissolved oxygen loads with this array. The operation of passive acid mine drainage treatment systems can also be simulated for specified model nodes. Because the production of alkalinity by passive acid mine drainage treatment systems depends upon the stream's acidity, the source load terms can be non-linear and the fourth order Runge-Kutta method is also used to calculate the contribution of these terms.
Hydrology
Because the advection term in the governing partial differential equation, equation (1), contains the mean flow velocity of the stream, V, the mean velocity must be known for all portions of the computational domain throughout the simulation period. The current formulation of the explicit MacCormack predictor -corrector method requires that the stream velocity and the hydrodynamic dispersion be uniform throughout the computational domain. Therefore, to account for changes in the stream hydraulics, the watershed must be divided into many small sub-watersheds.
Strengths and Weaknesses of TAMDL
The basic strength of the TAMDL computer program is that it solves the differential equation governing the transport, loading and reaction of AMD-related water quality constituents, equation (1). This equation requires that the user specify the stream's discharge flow rate, Q, throughout the simulation period and rating tables for the depth, h, flow area, A, wetted perimeter, P, and top width, T. Ideally, one would use a hydrologic simulation program to determine these parameters before executing the TAMDL computer program.
Unfortunately, those streams affected by AMD tend to be small and the information required to run a sophisticated hydrologic simulation program is not available. In those situations, the user is required to estimate the discharge flow rate for a particular stream segment from the drainage area of the stream segment and discharge flow rate data collected at a nearby stream gage. The rating tables for the stream segment are then estimated from measurements of the stream channel geometry and educated guesses about the Manning's n value for the stream. This was the approach used for Monday Creek.
Model Development
The development of the Monday Creek TAMDL was a cooperative effort between the U.S. Because TAMDL calculates in-stream pH and metals concentrations by simulating the stream transport process, the net acidity and metals concentrations or loading rates in the water entering the computation domain from the upstream ends must be specified in some manner. Since these concentrations or loading rates must be specified continuously throughout the simulation, regression equations were derived for these locations. It was empirically observed that regression equations of the following form best replicated observed concentrations.
Army Corps of Engineers
Where:
The discharge flow rate, Q, in equation (9) 
Where: L = Observed constituent loading rates, kg/day.
L model = Estimated constituent loading rates, kg/day.
The empirical coefficients in equations (9) and (10) These correlation coefficients for the calibration model are listed in Table 1 . All of the correlations are greater than 62%. Given the complexity of AMD chemistry, simplifying assumptions made by the TAMDL computer program, and sampling error, these correlations are fairly good.
In order to verify the calibration of the model, a verification model run was executed and the results compared against observed data collected after the end of the calibration model run. The correlation coefficients (R 2 ) for the verification model run are also listed in Table 1 . Since these coefficients were not less than the coefficients for the calibration model run, we concluded that the quality of the model calibration is accurately reflected in the correlation coefficients for the calibration model run.
The observed data used to calculate the correlation coefficients listed in Table 1 and the observed data shown in the time series plots in this report were filtered by comparing the titrated and estimated total acidity values. The estimated total acidity values were calculated by summing the proton and metal acidities. Those samples with a difference between the estimated total acidity and the titrated total acidity greater than 50% were removed from the analysis. Because of the error associated with the Monday Creek TAMDL model, margins of safety will have to be specified for the remediation endpoints before the model is employed in the design of AMD treatment strategies. Since no water quality model is free of error, this outcome is expected. Table 2 lists the remediation endpoints and the margins of safety for pH, iron, and aluminum. The margin of safety for pH was 0.25 standard units, which is approximately 25% of the range in the 5 th percentile of mainstem stream pH in the treatment model. The margins of safety for iron and aluminum were greater than 25% of the remediation endpoint. 
Development of AMD Treatment Strategies
The first step in designing an AMD treatment strategy for the Monday Creek watershed is deciding the final goal of the remediation process. This goal was expressed by the Huntington District in terms of remediation endpoints, which are listed in Table 2 . Because all models have some error associated with their results, margins of safety for each of the parameters are included in Table 2 . The endpoints listed in Table 2 express the minimum allowable 5 th percentile for stream pH and the maximum allowable 95 th percentile for aluminum and iron concentration and were enforced for the entire length of the Monday Creek mainstem. Table 3 .
Originally, the remediation endpoint margin of safety for the 5 th percentile of the mainstem stream pH was 0.2 standard units; this was increased to 0.25 standard units as the result of a flow parametric study that was conducted to determine the variability of the calculated results with changes in the stream discharge flow rate. With the margin of safety for the pH remediation endpoint increased to 0.25, the minimum 5 th percentile for mainstem stream pH remained above the remediation endpoint for changes in the discharge flow rate as large as 30%.
Because the stream discharge hydrographs employed in the Monday Creek TAMDL model had an accuracy of approximately 30%, this result, shown in Fig. 12 , was deemed acceptable. 
Design of AMD Treatment Structures
Traditional techniques for the design of active and passive AMD treatment structures were used to develop treatment systems for all of the subwatersheds listed in Table 3 with required reductions in AMD load. The unit cost assumptions made in the cost estimates for these structures are listed in Table 4 . With the exception of the stream subsidence closures, the designed treatment structures are summarized in Table 5 and displayed schematically in The treatment efficiency in Tables 6, 8 , 9, 10 and 12 is the average cost of the acid removed from the stream over the course of the treatment structure's service life and was calculated with the following formula.
Where: E T = Treatment efficiency of the treatment structure, $/ton. C = Estimated cost of the treatment structure, $. ∆L = Acid load removed by the treatment structure, tons/yr. T = Service life of treatment structure, yrs.
The mean treatment efficiency in Table 5 Per Foot
Feasibility Testing of Designed AMD Treatment Strategies
In order to test the feasibility of the designed AMD treatment structures, the action of the treatment structures was directly simulated by the Monday Creek TAMDL model. With the structures designed for Jobs Hollow, none of the designs required later modification. In order to satisfy the remediation endpoints for the upper portion of the Monday Creek mainstem, the mean alkalinity load from the OLC and SLB in Jobs Hollow had to be increased from 247 tons per year to 547 tons per year. Table 8 reflects this change in the design.
Conclusions
This project developed the Monday Creek TAMDL model for simulating the transport and reaction of those water quality constituents related to AMD within the Monday Creek watershed.
This model was used to calculate the required load reductions from each of the Monday Creek and Snow Fork subwatersheds in order to satisfy the remediation endpoints specified by the Huntington District. No water quality model is free from error, and the Monday Creek TAMDL model is no exception. To ameliorate the effect of this error on the calculation of the required amount of AMD treatment, margins of safety were adopted for the remediation endpoints. These margins of safety were designed to force the model to over-estimate the amount of AMD treatment needed to satisfy the remediation endpoints to ensure that modeling errors do not result in substandard water quality conditions after the proposed treatment structures have been constructed.
These required reductions in AMD load were used to develop an AMD treatment strategy that will bring the mainstem of Monday Creek back into compliance with the remediation endpoints specified by the Huntington District. This strategy consists of a lime kiln dust doser, low head dams, limestone leach beds, open limestone channels, slag leach beds, aerobic wetlands, and stream subsidence closures. The ultimate feasibility of this treatment strategy was tested by directly simulating the actions of the designed structures in the Monday Creek TAMDL model. The results of these simulations led to an increase in the designed capacity of the treatment structures to be placed within Jobs Hollow.
Overall, the strategy provided by this project appears to provide a near optimal set of designs for treating AMD. In the strategy's current form, it will treat approximately 54,100 tons of acid at an estimated cost of $6,000,000. This total includes $1,570,000 for stream subsidence closures and $4,430,000 for conventional passive and active AMD treatment. 
